Abstract In order to evaluate the following potential mechanisms underlying atypical gaze following in autism, impaired reflexive gaze following, difficulty integrating gaze and affect, or reduced understanding of the referential significance of gaze, we administered three paradigms to young children with autism (N = 21) and chronological (N = 21) and nonverbal mental age (N = 21) matched controls. Children with autism exhibited impaired reflexive gaze following. The absence of evidence of integration of gaze and affect, regardless of diagnosis, indicates ineffective measurement of this construct. Reduced gaze following was apparent among children with autism during eye-tracking and in-person assessments. Word learning from gaze cues was better explained by developmental level than autism. Thus, gaze following may traverse an atypical, rather than just delayed, trajectory in autism.
Introduction
Under what conditions is responsiveness to joint attention (RJA), defined behaviorally as spontaneous gaze or point following, reduced among young children with autism? Conflicting accounts of when and why RJA is impaired in autism have arisen from studies examining different aspects of RJA among individuals of varying developmental levels (see Nation and Penny 2008 for a review) . Given the heterogeneity of autism itself (e.g., Geschwind 2009), a reasonable way to resolve conflicting findings may be to administer a range of related tests to the same individuals. Such an approach yielded intriguing evidence that the ability to report where someone is looking may be intact among children with autism who do not spontaneously follow gaze (Leekam et al. 1997) . However, the current study is the first, to our knowledge, to examine three potential underlying mechanisms of atypical RJA in autism among the same individuals: (a) atypical reflexive gaze following (Goldberg et al. 2008; Johnson et al. 2005; Ristic et al. 2005) , (b) difficulty integrating gaze and affect (de Jong et al. 2008; Kasari et al. 1990; Uono et al. 2009 ), and (c) reduced recognition of the referential significance of gaze Preissler and Carey 2005) .
These potential mechanisms are not necessarily independent and all could arise at least partially through reinforcement learning, which has been shown to play a role in RJA development (Corkum and Moore 1998) . Similarly, implicit and explicit learning processes may contribute to the development of all three mechanisms. However, cues to elicit reflexive gaze following are typically presented for a shorter duration (and are thus more likely to be implicit) than are cues to emit spontaneous gaze following (e.g., Corkum and Moore 1998; Pruett et al. 2011; Ristic et al. 2002) . Verbal instructions were not provided to guide reflexive or spontaneous gaze behaviors because individuals with ASD who exhibit the ability to answer verbal questions about others' minds may not exhibit spontaneous evidence of understanding others' intentions (Senju et al. 2009 ).
How Does RJA Develop?
RJA typically begins to emerge very early in infancy (D'Entremont et al. 1997; Farroni et al. 2004; Hood et al. 1998; Scaife and Bruner 1975) and develops gradually from birth to around 18 months of age (Butler et al. 2009; Butterworth and Jarrett 1991; Deák et al. 2000) . Often emerging in the context of affective interactions (Adamson and Bakeman 1985; Reddy 2003; Teufel et al. 2010) , RJA is an adaptive skill in that it provides information about what others find relevant in the environment. However, gaze following may not initially be synonymous with an understanding of others' viewpoints (Corkum and Moore 1998) .
RJA is not always observed in children with autism (e.g., Dawson et al. 2004; Loveland and Landry 1986; Sigman and Ruskin 1999) . Indeed, reduced RJA is an early predictor of autism Rozga et al. 2011; Sullivan et al. 2007; Yoder et al. 2009 ). Among individuals with ASCs (autism spectrum conditions), individual differences in RJA are related to concurrent linguistic and cognitive skills (e.g., Leekam et al. 1998; Sigman and Ruskin 1999 ) and subsequent cognitive (Sigman and Ruskin 1999) , social-communicative Sigman and McGovern 2005) and adaptive development (Gillespie-Lynch et al. 2012) .
However, reduced RJA is often not apparent among older or higher functioning individuals with autism. For example, RJA deficits were not observed in children with ASC who had a nonverbal mental age (NVMA) above 19 months (Mundy et al. 1994 ), a verbal mental age (VMA) above 47 months (Leekam et al. 1998 ; but see Leekam et al. 1997) or a nonverbal IQ in the normal range (Leekam et al. 2000) . A delay in the development of RJA is apparent even when comparing children with autism to children with other types of developmental delay (e.g., Dawson et al. 2004; Leekam et al. 2000; Sigman and Ruskin 1999) . Leekam et al. (2000) surmised that children with autism may require both more time and greater intellectual development in order to interpret the predictive meaning of gaze cues. Thus, it is important to consider developmental level when comparing across studies examining gaze following in autism. For example, most studies of reflexive gaze following, or orienting more quickly to targets cued by non-predictive gaze cues, were conducted with high-functioning participants in middle childhood or older.
Is Reflexive Gaze Following Impaired in Autism?
Evidence of reflexive gaze following, or looking more quickly toward objects cued by gaze, may be apparent within a few days of birth (Farroni et al. 2004 ). Investigations of whether reflexive gaze following is impaired in autism have typically used attention cueing paradigms wherein participants attend to a central face presenting gaze cues that are predictive, counter-predictive or nonpredictive of the future location of a target (Posner 1980) . A validity effect, or speeded detection of targets that are validly cued (in the location that the model's eyes were looking toward) relative to those that are invalidly cued (in the location the eyes were looking away from), is taken as evidence of reflexive orienting. Participants are often instructed to attend to targets covertly (i.e., without moving their eyes from the center of the screen) and detection is generally indicated by pressing a button. The majority of the evidence suggests that high functioning children and adolescents (mean age of 9 to 11 years of age) and adults with autism demonstrate intact reflexive orienting to gaze when assessed with Posner-style paradigms (de Jong et al. 2008; Kylliainen and Hietanen 2004; Pruett et al. 2011; Rombough and Iarocci in press; Rutherford and Krysko 2008; Senju et al. 2004; Swettenham et al. 2003; Uono et al. 2009; Vlamings et al. 2003 ; but see Goldberg et al. 2008; Ristic et al. 2005) . Even when reflexive gaze following is intact, however, people with autism may differentiate between gaze cues and non-social cues less than typically developing individuals do (Chawarska et al. 2003; Greene et al. 2011; Rombough and Iarocci in press; Senju et al. 2004; Vlamings et al. 2003 ; but see Kuhn et al. 2010; Ristic et al. 2002) . Additionally, gaze cues may modulate action control, or reduce reaction time differences between responses that are congruent or incongruent with gaze cues, among typical adults but not those with ASD (Schilbach et al. 2012) .
The aforementioned studies generally assessed covert reflexive orienting among high functioning individuals who would not be expected to exhibit reduced spontaneous RJA. Covert orienting may also be unimpaired relative to overt orienting, such as head movements, in autism (Gernsbacher et al. 2008) . Less is known about overt reflexive gaze following, wherein participants are allowed to move their eyes toward the target following non-predictive gaze cues, among young children with autism. Kuhn et al. (2010) reported that overt reflexive orienting in response to schematic faces was intact among high functioning adults with autism. Two assessments of overt reflexive gaze cueing have been conducted with preschoolers with autism (Chawarska et al. 2003; Johnson et al. 2005) . Chawarska et al. (2003) compared 15 cognitively delayed 2 year olds with autism to 12 controls matched for chronological age (CA). Although the children with autism exhibited reduced RJA during an in-person assessment, the interaction between reflexive gaze following and diagnosis was not statistically significant. However, children with autism attended to the target faster regardless of cue validity. Because no differences in reaction time were observed when the central cue was not social, the authors interpreted this as evidence for decreased engagement with a social stimulus. Johnson et al. (2005) found that 9 young children (mean age of 33 months) with autism also oriented more quickly to targets regardless of gaze cues relative to language delayed and typically developing controls, and post-hoc planned t tests after a marginally significant interaction between group and validity revealed that only the children with autism did not exhibit reflexive gaze following. A primary aim of the current study, therefore, was to determine if overt reflexive gaze following is intact among young children with autism.
Integrating Gaze and Affect
The preponderance of the evidence suggests that reflexive gaze following may be unimpaired in autism, yet even high functioning people with autism may have difficulty integrating emotional signals and gaze cues (de Jong et al. 2008; Uono et al. 2009 ). Attention cueing paradigms typically present gaze cues in the context of neutral facial expressions. When gaze cues are paired with emotional expressions, typically developing adults may demonstrate more of a covert validity effect to fearful relative to happy or neutral gaze cues (Friesen et al. 2011; Graham et al. 2010; Pecchinenda et al. 2008; Tipples 2006) . However, emotional faces may not enhance reflexive orienting among individuals with autism: 11 high-functioning adolescents with ASCs differed from age and IQ matched controls in that they did not show an enhanced covert validity effect for fearful relative to neutral gaze cues (Uono et al. 2009 ). Because children with autism may integrate positive affect with joint attention less than typically developing children and children with other disabilities ), a second aim of the current study was to examine overt reflexive gaze cueing in response to happy, fearful, and neutral expressions.
Reduced gaze and emotion integration in autism could represent a core difficulty from which atypical RJA emerges. Indeed, mutual sharing of affect between infants and caregivers may give rise to later shared attention to objects (Reddy 2003) .
Referential Significance of Gaze
Even if reflexive gaze following is unimpaired among young children with autism, reduced spontaneous gaze following may arise from difficulty interpreting the referential significance of gaze (Baron-Cohen et al. 1985) . Intention reading is associated with gaze following among children with autism (Schietecatte et al. 2012) . While an understanding of mental states is not necessary for gaze following, such an understanding could motivate gaze following (see Nation and Penny 2008) . Difficulties using RJA to learn words in conjunction with typical reflexive gaze following would yield support for the theory that RJA impairments in autism arise from difficulties understanding referential intention but would be inconsistent with recent evidence suggesting that implicit social cognition may be impaired in ASD even when explicit social cognition is unimpaired (e.g., Schilbach et al. in press, 2012; Senju et al. 2009 ).
Gaze following is important for recognizing the referential nature of vocalizations in mapping words to objects (Baldwin 1991; Scaife and Bruner 1975; Seibert et al. 1986 ). Difficulties using a speaker's focus of attention to learn words have been documented among severely cognitively delayed children with autism Preissler and Carey 2005) . Unlike typically developing and intellectually delayed children, school age children with autism were more likely to attach a label to the object they were attending to, or to use a listener's direction of gaze (LDG) strategy, rather than attaching the label to the object a speaker was attending to, or a speaker's direction of gaze (SDG) strategy. Baron-Cohen et al. (1997) proposed that the LDG word learning strategy was part of a general difficulty sharing attention and understanding intentions in autism. Yet the LDG strategy may not be as common among children with autism as early studies suggested (Akechi et al. 2011; Luyster and Lord 2009; Parish-Morris et al. 2007 ). Luyster and Lord (2009) found that a LDG strategy was not apparent among younger (mean age 30 months) and higher functioning (with a mean NVIQ of 95) children with autism. Even among the 5 severely linguistically delayed children in the sample, one used the SDG strategy and 4 did not select any object. A similar pattern of avoiding mapping errors (but not necessary correctly mapping) is observed among typically developing infants (Baldwin 1991; Hollich et al. 2000) , leading the authors to suggest J Autism Dev Disord (2013 ) 43:2779 -2792 2781 that children with autism may follow a delayed but qualitatively typical path toward learning words from gaze cues. Similar evidence of a delayed ability to use others' attention to learn words was documented among slightly older (mean age of 5 years) moderately cognitively impaired children (with a mean IQ of 76) with autism in comparison to VMA and NVMA matched controls (ParishMorris et al. 2007 ). Separate assessments used to measure joint attention and word learning in response to social cues revealed that children with autism exhibited less spontaneous gaze following than controls and unlike controls they did not use social cues to learn the labels of perceptually dull objects presented in conjunction with more salient objects.
These studies imply that the ability to learn words from gaze cues may be related to gaze following abilities, but gaze following during word learning was not assessed. A recent eye-tracking study suggests that subtle atypicalities in gaze following may underlie subtle difficulties with word learning among high functioning individuals (Akechi et al. 2011) . Seventeen children with ASCs (mean age of 9 years) were compared to typically developing controls. Pairs of novel objects were presented on a computer screen while a schematic face looked toward and labeled either the object the child was attending to or the object the child was not attending to. Participants with and without ASCs more frequently looked from the face to the object the face was attending to relative to the other object. Typically developing participants, but not those with ASCs, differed from chance in the duration which they attended to the target relative to the other object (this analysis was a follow-up to a non-significant interaction between group and duration). While participants with and without ASC demonstrated above chance word comprehension, participants with ASC exhibited slightly less word learning than controls.
An eye-tracking study with 3-year-old siblings of children with autism suggests that understanding the referential intention behind gaze may be more important for word learning than gaze following (Gliga et al. 2012) . Despite the absence of clear differences in gaze following (either duration or frequency) toward the object a model was labeling, siblings with poorer social-communication skills looked less to the target object during testing than typically developing children. While this study suggests that the frequency of gaze following may be less important for word learning than social-cognitive skills among the siblings of children with autism, the relative importance of developmental level and gaze following for word learning in response to gaze cues among individuals with autism remains an open question. The third aim of the current study was to clarify relations between gaze following, cognitive level and word learning in response to gaze cues using both an eye-tracker (video presentation) and a live model.
Hypotheses

Hypothesis 1: Intact Reflexive Gaze Following
We predicted that reflexive gaze following would be intact among children with ASC and typically developing children. We expected a main effect of validity and no moderating effect of diagnosis.
Hypothesis 2: Impaired Integration of Gaze and Affect
We predicted an interaction between diagnosis, emotion, and validity because typically developing children were expected to exhibit a larger validity effect to fearful relative to neutral or happy faces. In contrast, we predicted no emotional enhancement of the validity effect among children with ASC.
Hypothesis 3: Difficulty with the Referential Significance of Gaze is Related to Developmental Level Rather than Autism
We expected reduced spontaneous gaze following to be related to diagnosis after controlling for differences in age or NVMA but word learning following gaze cues to be attributable to NVMA rather than diagnosis.
Methods
Participants
Twenty-four children with autism and 42 children without an autism diagnosis participated. Children with autism (range 2.4-6.7 years) were individually matched to developing children in terms of CA (within 3 months) or NVMA (within 6 months). Gender was matched except in one case of CA and one case of NVMA. CA and NVMA age control groups were not independent of one another in that higherfunctioning participants with autism were often matched with the same control for both CA and NVMA (n = 12). Comparisons of CA matches and children with ASCs are presented in Table 1 while comparisons of NVMA and children with ASCs are presented in Table 2 .
Most of the children with autism (fifteen older siblings with autism and four at-risk siblings who developed autism) who participated in this study were recruited from families participating in an ongoing study of the longitudinal development of infant siblings of children with autism. In addition, four children with autism were recruited via fliers from the community. Two participants from the community had verified diagnoses of autism but no evidence that the children met criteria for ASC on the ADOS or the autism diagnostic interview (ADI-R); they were excluded from the analyses. For the remaining participants with ASCs (two female), clinical diagnoses were informed by the ADOS (n = 21) and the ADI-R (n = 15), 12 met the ADOS cut-off for autism and 9 met the ADOS cut-off for ASC.
Control participants were screened for autism symptoms with the Social Responsiveness Scale (SRS: if they were 4 years or older) and the Childhood Autism Rating Scale (CARS: if they were younger than 4). Two controls were excluded for elevated symptoms on the SRS. Three controls were excluded for a family history of autism. One control was excluded because the eye-tracker failed to follow his gaze due to thick glasses. Four controls were excluded because they did not match a child with autism in NVMA or CA.
Standardized Measures
CARS (Schopler et al. 2010)
The CARS includes a 36 item parent-report questionnaire that, in conjunction with examiner ratings, yields ratings of autism symptomatology. It has high internal consistency and inter-rater reliability.
Differential Ability Scales II (DAS: Elliot 1990)
The DAS can be used to assess nonverbal and verbal intelligence among children with a mental age between 2 years 6 months and 17 years 11 months (Elliot 1990 ). It has well established internal and external reliability. The DAS was used with most participants who were mature enough to receive age equivalence scores on the measure. Younger or more delayed children were assessed with the Mullen Scales of Early Learning (MSEL).
MSEL (Mullen 1995)
The MSEL is a standardized measure of VMA and NVMA from birth to 68 months of age. It has good test-retest reliability and high internal consistency. Participants who appeared to be below 2 years 6 months in mental age were administered the MSEL. The four younger siblings of children with autism who themselves developed autism were assessed with the MSEL as was one of their matched controls. The convergent validity of the DAS and the MSEL has been established in autistic and non-autistic populations (Bishop et al. 2011) .
SRS (Constantino and Gruber 2002)
The SRS is a 65 item parent rating scale that assesses the severity of autism symptoms. It yields a dimensional measure of autism symptomatology as well as categorical cut-offs believed to indicate atypically high levels of symptoms. It can be used with individuals 4 to 18 years of age and has high internal consistency and test-retest reliability.
Gaze Following Assessments
Eye-Tracking Overview
Looking behaviors were recorded by a Tobii 1750 eye-tracker (Tobii Technology AB, Falls Church VA) integrated with a 17-in. monitor, while the child sat approximately 65 cm. from the monitor. Cameras beneath the monitor recorded reflections from an infrared light at a frequency of 50 Hz to assess the distance between the cornea and the pupil of both eyes. The spatial accuracy of these recordings approximates 1°of visual angle when participants' point of gaze is calibrated according to the manufacturer's recommendations (Morgante et al. 2012) . A chin rest is not necessary to achieve this level of calibration accuracy and was not used in the current study. Stimuli were displayed with Tobii ClearView software. Fixations were defined as gaze within a 30 pixel radius for at least 100 ms. The ''normal'' ClearView validity filter averaging across both eyes was used. A five-point calibration was administered prior to the assessment. Rectangular areas of interest (AOIs), defined with ClearView software, subtended approximately 1°from the edge of all stimuli. Participants were assigned to view the attention cueing and joint attention word learning eye-tracking paradigms in counterbalanced orders. Controls were assigned to the same version and order of each type of stimuli as their match with autism whenever possible (this occurred more frequently with chronological matches because such matches were more predictable prior to testing). Prior to each trial in either eye-tracking paradigm, the child's attention was centered whenever possible with an animated attention getter. Trials prior to which the child's attention was not centered were excluded from analysis.
Gaze Cueing
This paradigm was modeled after the study by Chawarska et al. (2003) , which also measured overt gaze orienting in young children with autism. We also manipulated facial expression and stimulus onset asynchrony (SOA), the amount of time between the gaze cue and target onset, which was either 167 or 400 ms.
Each trial began with the model looking straight ahead with a neutral expression for 1,000 ms (see Fig. 1 ). This was followed by a static image of the model gazing to the left or right with one of the following facial expressions: happiness, fear, or a neutral expression. The model's face measured 16.1°and 11.1°of vertical and horizontal angle. The model was selected from the Nim Stim catalogue (Tottenham et al. 2009 ) based on high validity ratings of the three facial expressions. A usable trial was defined by at least 100 ms. of attention to the head during the gaze cue. Then the face disappeared and was replaced by an object (a green balloon or a red bottle of bubbles) to the left or right of where the face had been which remained on the screen for 1,000 ms. The images of objects were selected from the Bank of Standardized Stimuli to equate them in terms of familiarity and object complexity (Brodeur et al. 2010 ). The objects measured 6.4°and 6.0°of vertical and horizontal angle.
The model's gaze predicted the location of the target 50 % of the time. There were 48 trials. Two randomlyordered versions of the stimuli were generated to counterbalance location cued, validity, target, and target location with the constraint that no stimulus type could occur more than twice in a row. This order was then transformed by replacing all fearful expressions with happy expressions, all happy with neutral and all neutral with fearful in order to create the second version of the stimuli.
Assessments of Joint Attention Word Learning
Participants were provided two opportunities for word learning, one in-person and one with the eye tracker. The eye-tracking word learning opportunity always occurred before the in-person opportunity because young children may learn words better from screens when screen-based word learning is preceded by an interaction (Roseberry et al. 2009 ). Thus a strong order effect could have occurred if the order of conditions were counterbalanced. Four conditions were created in which object-word pairings were counterbalanced across in-person and eye-tracking conditions.
Two counterbalanced sets of training and test materials were assigned to either the in-person or eye-tracking opportunity for word learning. Within each set, two novel objects were always associated with the same two novel words during training. The novel words were monosyllabic yet phonologically distinct across languages to allow recruitment of children who were not monolingual. The two pairs of words were ''bon'' versus ''dit'' and ''deet'' versus ''don.'' During each training phase, children viewed a model seated between two novel objects. The objects always remained in the same location relative to the model. The model always turned in the following order LRRLRLLR and labeled each object once after she had turned to look at it. The word the model said as she looked to the left or right was counterbalanced (see Fig. 2 ).
Eye-Tracking Assessment of Joint Attention Word Learning Prior to word learning training, the two novel objects were shown on the screen in silence for 2 s to assess a baseline preference for either object, then repeated with the location of the objects switched. This was followed by a training session consisting of 8 word learning opportunities (4 for each object). Each trial began with a baseline phase wherein the model looked down (*2 s) followed by gazing and smiling in the direction of the child (*1.8 s).
Direct Gaze: 1000 ms.
SOA: 167 or 400 ms.
Target: 1000 ms. Fig. 1 Gaze cueing stimuli. A different model than the one used for the stimuli is portrayed here due to copyright issues. The actual model used was model 14 in the NimStim set Then she turned toward one of the novel objects, and labeled it once while gazing at it and continuing to smile (*5 s). The model's face measured 7.9°and 5.3°of vertical and horizontal angle. The objects measured between 7.6°and 9.0°of vertical and 6.5°and 9.3°of horizontal angle.
The training phase was followed by a testing phase during which only the objects were visible on the screen (2 s). During each of these trials, the child heard the model say a trained novel word once. Two same position trials (wherein the child heard each of the novel words while the location of the objects relative to one another was unchanged from training) were followed by two different position trials (wherein the location of the objects was reversed from training). This was followed by a ''mutual exclusivity'' trial wherein the child saw the two trained objects, a familiar object and a novel object that had not been seen before and heard a novel word that had not been heard before (i.e., ''blick'' or ''bleek''). Lastly, two more same position and two more different position trials were presented. After the eye-tracking assessment, the child was presented with the two novel objects seen in the video and asked to select each novel word i.e., ''Give me the deet.'' This object selection was recorded by the examiner during testing but was not video-taped so it was not possible for a second coder to double-check them.
In-Person Assessment of Joint Attention Word Learning This assessment was modeled after the eye-tracking measure. The child sat across the table from the model. The model secured the child's attention before looking toward one of the objects while labeling it and smiling. Two independent coders (Cohen's kappa .80) achieved reliability on 30 % of the sample for video coding of inperson joint attention. After eight training trials, the child was asked to select each object in its trained position i.e., ''Show me the deet'', followed by two reversal trials, a mutual exclusivity trial, and two more opportunities to select the objects in the same position as during training. Mutual exclusivity trials were not analyzed. All word learning scores were assigned by the examiner during testing and double checked by a second coder.
Results
Despite careful attempts to individually match children with autism to controls, the number of children who provided usable data varied across measures. For each analysis, it will be noted if the intended dimensions of matching still hold given loss of data. Because the CA and NVMA matched groups were not independent of one another, comparisons between each type of control and children with autism will be reported separately. CA matches are older on average than NVMA matches. When comparison groups differed in CA or NVMA, the variable that differed was entered into models as a covariate. All significant main effects and interactions are reported.
Hypothesis 1: Intact Reflexive Gaze Following
The dependent variables used to investigation reflexive gaze following and integration of gaze and affect were gaze cueing usable trials and gaze cueing response time (RT). Gaze cueing usable trials were defined as the number of trials in which the child looked at the model's head during the directional gaze cue and oriented to the target. If this was 0 for a given condition, no gaze cueing RT was available for that condition. Gaze cueing RT was calculated by averaging the RT in ms between the beginning of a gaze cue and the beginning of the first fixation to the target for at least 100 ms. Response time variables were log transformed due to excessive skew. Two RTs were calculated for each pairing of emotion and SOA: i.e., valid RT (following a valid gaze cue) and invalid RT. Each SOA was analyzed separately because different children provided usable data for each. Analyses used to investigate the hypothesis of intact reflexive gaze following focus only on neutral gaze cues. Children with autism did not differ reliably from controls in the number of usable trials provided at either SOA. Among children who provided usable data at the short SOA, children with autism (N = 17) had marginally lower NVMA than CA matches (N = 18; p = .052) but did not differ reliably from NVMA matches (N = 17) in CA or NVMA. Focusing on CA matches at the short SOA, an ANCOVA with validity (valid RT and invalid RT) as a repeated measure, diagnosis as a between subjects factor, and NVMA as a covariate revealed no significant effects, although a trend toward an interaction between validity and diagnosis was observed (p = .096). An identical analysis conducted with NVMA matches (except without a covariate as the groups did not differ in CA or NVMA) revealed a main effect of diagnosis F (1, 32) = 5.500, p = .025 and an interaction between diagnosis and validity F (1, 32) = 4.459, p = .043 (see Fig. 3 ), which was in the same direction as the trend observed with CA matches. Post-hoc tests revealed a validity effect F (1, 16) = 6.444, p = .022 among typically developing participants but not children with autism. Children with ASCs (M = 2.494, SE = .020) were also faster to orient to targets regardless of cue validity than controls (M = 2.559, SE = .020; p = .025).
At the longer SOA, children with autism (N = 19) were significantly different than CA matches (N = 16) in NVMA (p = .017) but NVMA matches (N = 15) did not differ. Focusing on CA matches at the longer SOA, an ANCOVA with validity, diagnosis and NVMA as a covariate revealed an effect of diagnosis, F (1, 32) = 7.847, p = .003 and an interaction between validity and diagnosis F (1, 32) = 4.391, p = .044 (see Fig. 4 ). Children with autism (M = 2.543, SE = .013) were slower to orient to targets than typically developing children (M = 2.486, SD = .015; p = .009). Post-hoc tests revealed a validity effect F (1, 14) = 4.585, p = .050 and for typically developing children but not those with autism. No effects were observed when comparing NVMA matches. Contrary to our expectations, evidence of impairments in overt reflexive gaze following was evident in a well-matched comparison between children with and without autism, but not in a less well matched comparison.
Hypothesis 2: Impaired Integration of Gaze and Affect
These analyses used the same dependent variables as those discussed for hypothesis 1 but focused on reflexive gaze following in response to neutral, happy and fearful cues. Children with autism for whom RT data were available for all emotion validity pairings did not differ reliably from controls in the number of usable trials provided at either SOA. CA matched controls who supplied data for emotion integration analyses were higher in NVMA at the long SOA (p = .048). No reliable differences in CA or NVMA were observed at either SOA among NVMA matches (short N = 16; long N = 15) and children with autism (short N = 11; long N = 13). Analyses focus on NVMA controls as they are better matched.
A repeated measures analysis at the short SOA with validity and emotion (fear, happy or neutral) as factors revealed an interaction between diagnosis and validity F (1, 25) = 4.376, p = .047, a main effect of emotion F (2, 50) = 5.279, p = .008, and an interaction between emotion and diagnosis F (2, 50) = 4.515, p = .016. However, the predicted interaction between validity, emotion and diagnosis was not observed. Post-hoc tests revealed that participants oriented to targets more slowly following fearful (M = 2.579, SE = .019) than neutral gaze cues (M = 2.529, SE = .017, p = .008). Post-hoc tests investigating the relation between emotion and diagnosis were not statistically significant.
A similar analysis of data from the longer SOA revealed a significant effect of emotion F (2, 42) = 6.963, p = .002 and an interaction between emotion and diagnosis F (2, 52) = 3.601, p = .034. Post-hoc tests revealed faster orienting to happy (M = 2.496, SE = .014) relative to neutral (M = 2.533, SE = .013; p = .001) or fearful (M = 2.536, SD = .016; p = .002) gaze cues, regardless of cue validity. A significant main effect of emotion on usable trials was observed wherein fearful cues (M = 2.51, SD = .17) yielded fewer usable trials than neutral cues (M = 2.98, SD = .153; F (2, 76) = 5.277, p = .007). Post-hoc tests investigating the relation between emotion and diagnosis were again not significant. Thus, we observed no evidence of integration of emotion and gaze regardless of diagnosis.
Hypothesis 3: Difficulty with the Referential Significance of Gaze is Related to Developmental Level Rather than Autism
Spontaneous gaze following was assessed with eye-tracking and in-person first look difference scores (Corkum and Moore 1998) , or the number of training trials in which the child first looked from the model's head to the object the model was attending to minus the number of trials wherein the child first looked to the other object.
Gaze Following Across Contexts
Children with autism (N = 16) did not differ reliably in CA or NVMA from CA matched controls (N = 18). NVMA matched controls (N = 18) were reliably lower in CA (p = .003). To compare performance of the ASC group to CA matches, we conducted a mixed ANOVA on first look difference scores (gaze following) with location of word learning as a repeated measure and diagnosis as a between subjects measure. Children with ASCs (M = 3.667, SE = .466) followed gaze less frequently overall than typically developing children across contexts (M = 5.417, SE = .425; F (1, 31) = 7.694, p = .009; see Fig. 5 ). Gaze following occurred less frequently in the eyetracker (M = 4.050, SE = .331) than in person (M = 5.033, SE = .447; F (1, 31) = 4.362, p = .045). A similar ANCOVA conducted with NVMA matches (except that CA was entered as a covariate) revealed significant main effects of diagnosis F (1, 31) = 6.725, p = .014 and age F (1, 31) = 6.252, p = .018. Again, children with ASCs (M = 3.172, SE = .479) followed gaze less frequently overall than typically developing children (M = 4.986, SE = .448; p = .014). As hypothesized, children with ASCs exhibited less gaze following across contexts than typically developing children after controlling for differences in developmental level.
Eye-Tracking Word Learning
Word learning from gaze cues during eye-tracking was assessed with eye-tracking referent preferences (based on Hollich et al. 2000) , calculated by subtracting the summed duration of all looks of at least 100 ms. at the incorrect object from the summed duration of all looks at the correct object during test trials, and eye-tracking referent choices. Children received a score of 1 for eye-tracking referent choices if they correctly selected the referent of both novel words after testing and a score of 0 otherwise.
For CA and NVMA matches, eye-tracking referent preference was unrelated to referent choices after eyetracking. Binary logistic regressions with CA or NVMA matches revealed no statistically significant associations between referent selection and diagnosis, first look difference scores (gaze following during training), age or NVMA. An ANCOVA conducted with CA matches predicting eye-tracking referent preference from the same set of predictors revealed an association between first look difference scores F (1, 28) = 8.770, p = .006, NVMA F (1, 28) = 6.371, p = .018 and referent preference. An identical ANCOVA with NVMA matches yielded no significant results. Thus, eye-tracking measures of word learning were not related to one another, referent selection after eye-tracking was not attributable to cognitive level or autism, and referent preference during the eye-tracking test phase was associated with gaze following during training and cognitive level (at least for CA matches).
In-Person Word Learning
Word learning following in person gaze cues was assessed with in-person referent choices. Children were assigned a score of 1 if they selected the referent on 6 out of 6 test trials-i.e., significantly better than chance with a binomial test-and 0 otherwise. For CA matches, NVMA was associated with in-person referent selection (whether or not the child selected the correct object on all test trials) (B = 1.138, SE = .061; p = .034). In-person first look difference scores, age, and diagnosis were not significantly associated with in-person referent selection. For NVMA matches, NVMA was associated with referent selection (B = 1.124, SE = .055, p = .036), but age, diagnosis, and difference scores were not. The third hypothesis, therefore was partially confirmed: gaze following difficulties were associated with autism while referent selection after inperson training and referent preference during eye-tracking were related to cognitive level. No relations between gaze following and referent selection were observed although gaze following was associated with referent preference.
Discussion
The current study examined three potential mechanisms underlying atypical gaze following in autism by using a range of measures to assess different aspects of gaze following in young children with and without autism. Results suggest that both reflexive and spontaneous gaze following may be atypical among young children with autism. In contrast, referential use of gaze may be more associated with developmental level than autism. No evidence for integration of gaze and affect was observed regardless of diagnosis.
Impaired Low-Level Gaze Following in Autism
Reflexive gaze following typically begins to emerge within days of birth (Farroni et al. 2004) , but the children with autism we observed (at a mean age of 4.75 years) exhibited less evidence of overt reflexive orienting to gaze than typically developing controls. We observed atypical reflexive gaze following among young children with ASC when compared to younger controls (NVMA matches) at a short SOA and older controls (CA matches) at a longer SOA (after controlling for NVMA). These findings are consistent with post-hoc analyses following a marginally significant interaction at a long SOA by Johnson et al. (2005) but inconsistent with findings by Chawarska et al. (2003) of no interaction between validity and diagnosis at a short SOA. Like Chawarska et al., we did not find a significant interaction between validity and diagnosis with CA matches at a short SOA. Unlike Chawarska et al., we also matched our participants with and without ASCs in cognitive level. When matched in cognitive level, we found evidence of atypical reflexive gaze following in autism at a short SOA. Short SOAs may capture automatic aspects of gaze following while long SOAs may capture more volitional aspects of gaze following (see Pruett et al. 2011; Ristic et al. 2002) . Indeed, the validity effect we observed at a longer SOA among older (but not younger) typically developing children was only apparent after controlling for NVMA. Our sample size was larger and more stringently matched but also older than the children assessed by Chawarska et al. (2003) . It is possible that overt reflexive gaze following becomes more atypical with development in autism due to atypical social interactions, but this is unlikely given strong evidence that covert reflexive gaze following is unimpaired among older individuals with autism. Future research should examine relations between covert and overt reflexive gaze following in autism. The current findings, in conjunction with previous research, imply that like spontaneous gaze following, reflexive gaze following may become more typical with development in autism. These findings suggest that short SOAs may be more effective than long SOAs for detecting atypicalities among infants at risk.
Children with autism were faster to disengage from neutral faces regardless of cue validity at a short SOA but slower at a longer SOA. Atypically fast disengagement by children with autism was observed by Chawarska et al. (2003) at a short SOA and by Johnson et al. (2005) at a longer SOA than that used here. Variation in the speed at which children with and without autism disengage from faces at different SOAs calls into question the idea that children with autism may generally have a ''limited attentional bias for faces'' (Chawarska et al. 2003) .
No Evidence of Efficacy of the Emotion Integration Paradigm
The data presented here did not suggest that children with autism have particular difficulty integrating gaze and affect. However, typically developing children also did not show evidence of gaze emotion integration. Previous research demonstrating gaze emotion integration was conducted with adults using covert attention cueing paradigms (e.g., Bayliss et al. 2010; Friesen et al. 2011; Graham et al. 2010; Heitanen and Leppänen 2003) . Enhanced reflexive orienting to emotional cues may emerge later in development. Because it is not always observed even in adulthood, some have asserted that emotion and gaze are processed independently early in visual processing (Heitanen and Leppänen 2003) . Others have found evidence that the integration of gaze cues and emotion does occur, particularly when targets are emotionally salient (Bayliss et al. 2010; Friesen et al. 2011; Pecchinenda et al. 2008) . However, emotionally enhanced validity effects have also been observed with neutral targets (Graham et al. 2010; Tipples 2006) . Relating performance on eye-tracking measures of emotion integration to expressive ''emotion integration'' (e.g., Kasari et al. 1990 ) would elucidate if similar or different mechanisms underlie the two. Examination of developmental relations between ecologically valid measures of emotion integration and referential understanding of gaze among infants who are at high risk for autism would shed light on the theory that affective understanding of others may precede cognitive representations of others' minds (Reddy 2003) .
Gaze Following but not Reference Associated with Autism
Contrary to what one would expect if reduced understanding of the referential significance of gaze underlies gaze following deficits in autism, reduced spontaneous gaze following was apparent among children with autism during in-person and eye-tracking assessments but word learning, as indexed by referent selection after in-person opportunities for joint attention, was related to cognitive level rather than autism or gaze following. Two possible reasons that referent selection after eye-tracking training trials was not associated with gaze following or cognitive level are the relative simplicity of the referent selection task after eye-tracking (an opportunity to select each object once) or the difference between training (presented via video) and test (presented in person). There was some evidence that learning may be more evident when assessed via the same modality as training; Gaze following during eye-tracking and cognitive level was only associated with looking toward the referent when it was labeled during the eye-tracking test phase and not in person referent selection. The current findings extend the Gliga et al. (2012) claim that gaze following is ''necessary but not sufficient for successful word learning'' by demonstrating that the frequency of gaze following may be less related to word learning in response to gaze cues than cognitive level among children with ASC.
Limitations
The majority of the participants in the current study were high functioning (only 4 had a NVIQ at or below 70). They were thus comparable to children assessed by Luyster and Lord (2009) . The current study suggests that subtle difficulties learning words from gaze are attributable to developmental level. Comparisons of a range of children with autism (including more with severe intellectual delays) to typically developing and developmentally delayed children would yield further insights into links between word learning from social cues and developmental level in autism. Future research should also examine links between reflexive and spontaneous gaze following and symptom severity. Delayed assessment of memory for words learned in this manner could be administered to evaluate the long-term implications of findings.
Infrequent associations between gaze following and word learning in this study may be attributable to the model not adapting her social cues to the child's focus of attention (e.g., Baldwin 1991) or to overly easy word learning tasks. While other studies with similar populations trained similar numbers of objects and used more clues to reference (i.e., Luyster and Lord 2009; Parish-Morris et al. 2007 ), a greater variety of training objects (such as used by Akechi et al. 2011 ) might also yield more sensitive measures of word learning. The lack of correspondence between the eye-tracking measure of word learning based on looking behaviors and the measure based on referent selection implies that care should be taken to validate eye-tracking measures of gaze following and word learning. Given recent findings relating language level in ASC and deficits in volitional oculomotor control (Kelly et al. 2012) , future studies examining gaze following in social contexts in ASC should also examine oculomotor control. While we chose 100 ms. as the minimum fixation duration because it is a common minimum in eye-tracking research (e.g., Gliga et al. 2012) , different minimum durations and blinks (which were not accounted for in the current analyses) might influence results. The centralized attention getters used in the current study may also have obscured informative differences in spontaneous social attention between participants with and without ASC.
The ecological validity of eye-tracking measures of social interaction could be increased by using head mounted eye-trackers in conjunction with interactive partners. Headmounted eye-trackers would also allow investigation of the relative contributions of social and non-social cues to word learning in ASC. Just as early gaze following may not indicate an understanding of other's minds (Corkum and Moore 1998) , early word learning may be attributable to sensory-motor aspects of naming situations, such as the relative size of objects in a learner's view when they are named (Yu and Smith 2012) . Gaze-contingent eye-tracking, in conjunction with neuroimaging, would allow investigation of neural activity underlying spontaneous social attention, orienting to and learning from gaze (Wilms et al. 2010 ).
The absence of predicted effects of the emotion integration paradigm among typically developing children is a significant limitation of this study that may be attributable to flaws with the gaze cueing paradigm, such as the impossibility of co-constructing affect with a pre-recorded video. Children often stated that they were bored with it or that it was weird. Morphing the emotion of the face and the shift in eye gaze would have led to more naturalistic stimuli. The shift between neutral affect and an emotional face during the emotional gaze cues was sudden and did not occur during neutral gaze cues. The disappearance of the gaze cue prior to the appearance of the target may have caused offset effects. However, previous studies examining reflexive gaze following in autism have used a similar design to avoid potential atypicalities of disengagement (e.g., Chawarska et al. 2003; Johnson et al. 2005) . Other studies examining gaze cueing among young children used a blinking motion of the eyes to attract attention to the eyes prior to the gaze cue. This manipulation would likely increase data quantity. However, no diagnostic differences in whether or not children attended to the gaze cue were observed in the current sample.
Although not designed to assess the integration of affect and gaze following, our measures of spontaneous gaze following were administered by models who were smiling. Indeed, most standardized measures used to assess spontaneous gaze following, such as the Early Social Communication Scales, include a model who is smiling. In order to fully investigate the integration of emotion and affect, emotion should be varied during assessments of both reflexive and spontaneous gaze following. Indeed, reflexive and spontaneous gaze following may vary along a continuum rather than representing distinct concepts. For example, reflexive gaze following in response to non-predictive gaze cues at longer SOAs may share volitional characteristics with spontaneous gaze following in response to predictive gaze cues. Future research using more naturalistic measures of reflexive gaze following should vary SOA, emotion and how predictive cues are in order to gain a fuller understanding of the relations between spontaneous and reflexive gaze following in autism and typical development.
Perhaps the most important limitation of the current study is that these mechanisms were examined at one point in development. Longitudinal examination of relations between social attention, reflexive gaze following, emotion gaze integration and referential understanding of gaze could elucidate the role of reinforcement learning in RJA impairments in autism. Reduced responsiveness to social rewards due to atypical ventromedial activity and/or altered oxytocin levels may contribute to decreased interest in social stimuli in autism which could in turn reduce opportunities to respond to social cues (e.g., Dawson et al. 2012) . Alternatively, atypical triadic interactions may precede dyadic impairments in autism. Autism may be associated with a preference for predictable over unpredictable contingencies (e.g., Gergely 2001) . Opportunities to follow gaze may be less predictably rewarding than opportunities to act upon objects or engage in dyadic interactions. As social interactions become increasingly dominated by triadic rather than dyadic interactions, they may become increasingly unrewarding in autism. However, some evidence suggests that individuals with ASC may seek out unpredictable contingencies; they may be more interested in exploring alternatives and less interested in earning nonsocial rewards than controls (Yechiam et al. 2010 ). The developmental relationship between responsiveness to social and non-social reinforcement and subsequent symptoms of autism is an important question for future research.
Conclusion
The current study provides evidence that the development of gaze following may be atypical rather than simply delayed in autism: reflexive gaze following that typically begins to emerge in infancy is not evident among young children with autism. Despite subtle difficulties with both reflexive and spontaneous gaze following among children with ASCs, word learning following gaze was associated with developmental level rather than autism. Thus, children with autism may achieve reference despite or by means of atypical gaze following. These findings, in conjunction with previous research, suggest that both more implicit and more explicit gaze following may be impaired in autism in early childhood while neither may be impaired later in development despite continued difficulties with many aspects of implicit social understanding. The current study demonstrates the importance of controlling developmental level when comparing different paradigms believed to measure core symptoms in autism.
